Abstract The effects of antioxidants on lifespan have been widely studied. Our previous study showed supplementation with N-acetyl-L-cysteine (NAC) extends the lifespan of Caenorhabditis elegans. Here we aimed to determine the lifespan-extending mechanism involved with NAC and the effect of NAC on Alzheimer's disease (AD). NAC further increased the lifespan of age-1 and clk-1 mutants, which have increased lifespan owing to reduced insulin/IGF-1-like signaling and mitochondrial function, respectively. There was no additional lifespan extension in eat-2 background, a genetic model of dietary restriction (DR), by NAC. Gene knockdown experiments revealed that the effect of NAC is not dependent on SKN-1, a proteinsensing DR status, whereas DAF-16, a transcription factor regulating stress-responsive genes, is required for lifespan extension by NAC. NAC delayed paralysis caused by amyloid beta. Our results show that NAC mimics the effect of DR on lifespan, possibly through the induction of DAF-16 nuclear localization and may retard the incidence of AD.
Introduction
Aging is one of the most complicated biological phenomena and is regulated by many genetic and environmental factors. Studies on the aging process are increasingly employing molecular genetic approaches to identify specific factors that influence the rate of aging. There are three most widely studied lifespan-extending processes in C. elegans, including reduced insulin/IGF-1-like signaling, reduced mitochondrial function, and dietary restriction (DR) [1] [2] [3] . The first gerontogene identified in C. elegans is age-1, which is an adaptor molecule that transfers the insulin/IGF-1-like signaling from a membrane receptor, DAF-2, to intracellular kinases, AKT-1/AKT-2 [1] . Reduced insulin/IGF-1-like signaling increases the lifespan of many species, including yeast, C. elegans, Drosophila melanogaster, and mice [2] . Genetic screening of longlived mutants revealed that many genes involved in mitochondrial functions can modulate lifespan [3] . Another active research area in the field of aging is the search for novel environmental interventions that extend lifespan and retard age-related physiological changes. Until recently, the only intervention causing increased lifespan and reduced incidence and/or delayed onset of age-related pathologies in nearly every species tested is DR, also called caloric restriction (CR). The nematode C. elegans uses bacteria as a food source, and the reduced food intake significantly extends both mean and maximum lifespan [4] . Genetic mutants with a reduced pharyngeal pumping rate, eat-2 mutants, have a decreased food intake rate and show a longevity phenotype [5] . Mice fed a diet with a 40% reduction in calories exhibit a 43% extension in lifespan and reduced oxidative damage to mitochondrial proteins and DNA [6] .
Although various scientific results have been reported to explain this phenomenon, the mechanisms by which DR extends lifespan are still unclear. In C. elegans, increased longevity by DR is mediated by activated protein kinase (AMPK) and dependent on DAF-16 [7] . The lifespan extension of the eat-2 mutant is suppressed in eat-2; sir-2.1 double mutants, suggesting dependence on SIR-2.1, a C. elegans homolog of the Sir-2 family of NAD ? -dependent protein deacetylases [8] . PHA-4, a transcription factor required for the development of foregut, and SKN-1, a protein that regulates response to oxidative stress, are necessary for response to DR [9, 10] . A gene-expression profiling study identified two downstream targets of SKN-1, cup-4 and nlp-7, that are necessary for DR-induced longevity [11] . CUP-4 is required for colecomocyte endocytosis, and NLP-7 is a neuropeptide-like protein in C. elegans [11] .
In addition to identifying the genetic factors mediating the response to DR, researchers have attempted to find compounds that can mimic the effects of DR on lifespan and age-related changes. Metformin, a well-known drug for type 2 diabetes, increases the lifespan of C. elegans in a manner that requires AMPK [12] . In mice, metformin increases both lifespan and healthspan, such as motility and insulin resistance, without a need for reduced food intake [13] . Resveratrol, a polyphenol compound found in red wine, extends the lifespan of yeast, C. elegans, and D. melanogaster [8, 14] . Recent studies show that treatment with polyamines increases the lifespan of various model organisms [15] . In mice, synthetic polyamines increase survival and retard age-related pathological changes while not affecting food intake [16] . In humans, centenarians have higher levels of polyamines in their blood compared to non-centerarians [17] .
N-acetyl-L-cysteine (NAC) is a cysteine derivative with an acetyl group attached to nitrogen. NAC is an organosulfur compound found in Allium plants, such as garlic and onion [18] . NAC is known to have antioxidant and anticancer properties [19] . It can increase cellular levels of glutathione and thereby modulate the response to oxidative stress [20] . A previous study showed that dietary supplementation with NAC increases resistance to various environmental stressors, such as oxidative stress, heat stress, and ultraviolet irradiation [21] . In C. elegans, NAC significantly extends both mean and maximum lifespan and increases the number of progeny and the gravid period [21] . Expression of two longevity-related genes, hsp-16.2 and sod-3, is significantly induced by NAC treatment in C. elegans [21] .
In the present study, we examined the effect of NAC on lifespan as a possible candidate for a DR mimetic. The genetic pathways involved in the action of NAC were studied. We also determined the effect of NAC on one of the most well-documented age-related neurodegenerative diseases, Alzheimer's disease (AD), using a C. elegans model of AD. Our study can be used for the identification of a novel mimetic of DR and provide scientific background for the development of therapeutic treatments for age-related diseases.
Materials and methods

Worm stains and maintenance
The wild-type N2 strain and all long-lived mutant strains, age-1 (hx546), clk-1 (e2519), and eat-2 (ad465), were purchased from the C. elegans Genetics Center (CGC, Minneapolis/St. Paul, MN, USA). The green fluorescent protein (GFP)-expressing strain TJ356 carrying a transgene daf-16 fused to GFP (zls356 IV [daf-16p::daf-16a/b::GFP, rol-6]), and the transgenic strain CL4176-expressing muscle-specific human amyloid beta (Ab) (dvls27 [myo-3/ Ab 1-42 /let UTR, rol-6]) were used for the DAF-16 localization assay and Ab-induced toxicity assay, respectively. Worms were cultured on agar plates containing Nematode Growth Media (NGM) (1.7% agar, 2.5 mg/ml peptone, 25 mM NaCl, 50 mM KH 2 PO 4 pH 6.0, 5 lg/ml cholesterol, 1 mM CaCl 2 , and 1 mM MgSO 4 ) at 20°C. Escherichia coli OP50 was used as the food source.
Lifespan assay
Five young adult (L4) worms were allowed to lay eggs on a fresh NGM plate at 20°C. After 4 h, all adult worms were removed from the plate and the eggs were maintained at 20°C for 3 days. Sixty age-synchronized worms were transferred to fresh NGM plates pretreated with 5-fluoro-2 0 -deoxyruridine to inhibit internal hatching. The live worms were transferred to fresh NGM plates every other day. The number of worms survived and dead was scored every day until all worms were dead. Worms lost during the assay or exhibiting internal hatching were excluded from the statistical analysis.
DR using bacterial dilution
Young adult age-synchronized worms (n = 60) were transferred to fresh NGM plates containing NAC (0 or 5 mM), 5-fluoro-2 0 -deoxyuridine (12.5 mg/l), and 500 ll of 1000 9 Ampicillin. Lifespans were compared between control (E. coli, 5 9 10 9 cells/ml) and those subjected to DR (5 9 10 8 cells/ml). Next, 200 ll of a bacteria culture at each concentration was spotted on NGM plates.
Gene knockdown by RNAi
All RNAi clones studied were taken from the Ahringer RNAi library and verified by sequencing [22] . An empty vector (EV) bacterial clone was used as a negative control for gene knockdown by RNAi. Worms were fed RNAi from the larval stages. Five gravid young adult worms were transferred to a fresh NGM plate containing 100 lg/ml ampicillin, 12.5 lg/ml tetracycline, 0.4 mM isopropyl-b-D-thio-galactoside (IPTG, Sigma-Aldrich, St. Louis, MO, USA), and 0.5 mg/ml 5-fluoro-2 0 -deoxyuridine and spotted with culture fluid of RNAi bacteria clone expressing the necessary double-stranded RNA. All adult worms were removed after 4 h of egg-laying. After 3 days, sixty agesynchronized worms were picked and transferred to a fresh plate with double-stranded RNA-expressing bacteria (n = 60).
Subcellular localization of DAF-16
Age-synchronized TJ356 worms were exposed to 5 mM NAC at 20°C for 7 and 9 days. Then, the worms were mounted on a glass slide coated with 2% agarose and anesthetized with 1 M sodium azide. After the slide was covered with a coverslip, the expression of DAF-16::GFP was observed using a confocal microscope (Olympus FV10i, Olympus, Tokyo, Japan). The worms were classified according to subcellular localization of DAF-16::GFP as cytosolic, nucleus, or intermediate (both cytosolic and nuclear).
Ab-induced toxicity
The CL4176 strain has a human Ab 1-42 transgene, the expression of which is induced in muscles by heat shock and leads to rapid paralysis via aggregation of Ab peptides [23] . Five L4/young adult CL4176 worms were transferred to a fresh NGM plate and were allowed to lay eggs for 5 h at 15°C. After the five adult worms were removed, eggs were maintained at 15°C for 5 days. Fifteen to thirty young-adult worms were transferred to a fresh NGM plate for 2 h at 15°C to lay eggs. Then, the NGM plates were placed at 25°C. From 24 hours after the temperature increase, paralyzed worms were scored every hour until all worms were paralyzed. A worm moving only its head or not responding to mechanical stimuli was considered to be paralyzed.
Statistical analysis
For statistical analysis of lifespan and paralysis assay, we employed the log-rank test [24] . The log-rank test is a nonparametric Mantel-Cox test widely used for statistical comparison between two survival curves. A p value lower than 0.05 was considered as statistically significant. For comparison of the subcellular localization of DAF-16 between untreated control and NAC-treated worms, we used the standard two-tailed Student's t-test.
Results and discussions
The lifespan-extending effect of NAC overlaps with that of the eat-2 mutation
To determine which lifespan-extending process is involved with NAC among three known processes mentioned previously, we examined the effect of dietary supplementation with NAC on the lifespan of long-lived mutants representing each lifespan-extending process. The age-1 mutants have reduced insulin/IGF-1-like signaling and show the longevity phenotype [1] . The clk-1 mutants have reduced mitochondrial electron transport chain activity and live longer than wild-type N2 individuals [3] . The eat-2 mutants take in less food owing to the lower food intake rate and hence are widely used as a genetic model of DR [4] . As previously reported, NAC treatment extended the lifespan of wild-type N2 worms (Fig. 1A) . The mean lifespan increased from 17.5 to 20.7 days when N2 worms were treated with NAC (p \ 0.001). There was an additional lifespan extension in age-1 and clk-1 animals that were fed NAC (Fig. 1B, C) . The mean lifespans of age-1 mutants were 24.8 and 31.8 days in untreated and NACtreated worms, respectively (p = 0.002). NAC supplementation in clk-1 mutants increased the mean lifespan from 18.4 to 23.0 days (p \ 0.001). The additional lifespan-extension in age-1 or clk-1 mutants with NAC suggests that the cellular lifespan-extending process involved with NAC may be independent of reduced insulin/IGF-1-like signaling or mitochondrial electron transport chain activity. Interestingly, supplementation with NAC failed to further extend the lifespan of eat-2 (p = 0.278) (Fig. 1D) . Therefore, it is suggested that eat-2 mutation and NAC supplementation modulate the same lifespan-extending process in C. elegans. Independent replicative experiments also showed similar effects on the lifespan of long-lived mutants (Table S1 ). The lifespan-extending effect of NAC was first shown in the fruit fly, D. melanogaster [25] . In the present study, we showed for the first time that NAC-induced longevity mimics the effect of DR on lifespan. The effects of NAC specifically overlap with the lifespan-extending effects of the eat-2 mutation but not with age-1 or clk-1 mutations, which extend lifespan via reduced insulin/ IGF-1-like signaling and mitochondrial electron transport chain activity, respectively [1, 26] .
NAC mimics the effect of DR on lifespan
After finding that NAC supplementation has no effect on lifespan extension in eat-2 mutants, we examined the effect of NAC on the lifespan of animals with restricted food supply. Because C. elegans use E. coli as a food source, the most widely used DR method is to restrict the number of bacteria added to the culture plates. As the number of bacteria is reduced, lifespan significantly extends (Fig. 2) . The mean lifespan of the control group, fed 5 9 10 9 bacteria/mL, was 12.7 days, whereas that of the DR group, fed 5 9 10 8 bacteria/ml, was 15.5 days (p = 0.041, 21.4% increase). Dietary supplementation with NAC in worms fed 5 9 10 9 bacteria/ml significantly extended the lifespan compared to untreated controls. The mean lifespan of the NAC-treated group was 16.0 days (p = 0.003, 26.0% increase). However, the lifespan of worms subject to both DR and NAC-treatment (mean lifespan, 16.2 days) was not significantly different from that of the worms treated either with DR alone or NAC alone (Fig. 2) . Our results support our previous conclusion that the effects of NAC and DR overlap and suggest that dietary supplementation with NAC mimics DR-induced longevity in C. elegans. Independent repeated experiments also showed similar effects on lifespan (Table S2) .
NAC is independent of SKN-1 and requires DAF-16
Next, we attempted to determine the role of NAC in DRrelated longevity. Many genetic factors involved in DRrelated longevity have been identified, including SKN-1, Fig. 2 The overlapping effect of NAC and DR on lifespan extension. Dietary supplementation with NAC or DR using bacterial dilution significantly increases both mean and maximum lifespan in wild-type controls (n = 60). The control group is fed 5 9 10 9 cells/ml bacteria, and the DR group is fed 5 9 10 8 cells/ml bacteria. There was no additional increase in lifespan by the combined intervention of NAC and DR compared to the lifespan of worms treated with either NAC or DR alone (p [ 0.05) PHA-4, SIR-2, AMPK, and DAF-16 [7] [8] [9] [10] [11] . However, the exact cellular mechanisms involved with each factors have not been fully understood yet. We examined the effect of knocking down two genes, skn-1 and daf-16, which are required for lifespan extension by DR. SKN-1 is an worm ortholog of mammalian transcription factor Nrf-2 and expressed in two ASI neurons and the intestine [10] . A previous study found that activation of SKN-1 in neurons is required for DR-induced lifespan extension and suggested that neuronal SKN-1 senses DR and signals the rest of the body to respond to DR [10] . DAF-16 is an intracellular downstream target of insulin/IGF-1-like signaling and is known to modulate the response to various environmental stressors and play a role in DR-induced lifespan extension [27] . As observed in the current study, supplementation with NAC increased both mean and maximum lifespan significantly (Fig. 3) . Longevity phenotype conferred by NAC was not inhibited by skn-1 knockdown. Treatment with NAC increased the lifespan of worms in which the expression of skn-1 was knocked down; the mean lifespans were 15.6 days in the untreated control and 17.9 days in the NAC-treated group (p = 0.002) (Fig. 3A) . However, the lifespan-extending effect of NAC disappeared when daf-16 was suppressed. The lifespan was not significantly different between untreated and NAC-treated animals when the expression of daf-16 was blocked. The mean lifespans were 14.3 and 14.6 days in the untreated and NAC-treated worms, respectively (p = 0.869) (Fig. 3B) . These data suggest that NAC works independently of SKN-1, presumably involved in other cellular signaling pathway, and requires DAF-16 for lifespan extension in C. elegans. AMPK, which senses cellular energy levels, mediates lifespan extension by DR, and its effect requires the activation of DAF-16 [6] . In the present study, we observed that the lifespan-extending effect of NAC was independent of insulin/IGF-1-like signaling, which also requires DAF-16. These findings suggest that DAF-16 is a common genetic factor involved in both DR response and insulin/ IGF-1-like signaling, and NAC can activate DAF-16 particularly through DR response. The lifespan of C. elegans can also be increased by food deprivation or intermittent fasting, which require hsf-1, a transcription factor involved in heat shock response, and rheb-1, a low molecular weight GTPase, respectively [28, 29] . Therefore, it is clear that different methods of DR affect lifespan via different genetic pathways, some independent and others overlapping.
Nuclear localization of DAF-16 is accelerated by NAC DAF-16-induced increased resistance to stressors and lifespan extension are achieved only when DAF-16 is localized to the nuclei [30] . Having found that DAF-16 is required for the increase in lifespan following NAC treatment, we examined whether NAC induces nuclear localization of DAF-16 in vivo. Subcellular localization of DAF-16 was determined using the TJ356 transgenic strain carrying the daf-16 transgene coupled to GFP. Worms were classified into three groups according to the subcellular distribution of GFP expression: worms in which fluorescence was seen throughout the body were counted as ''cytosolic'' and worms in which fluorescence was observed only in the nuclei were classified as ''nuclear.'' In ''intermediate'' worms, fluorescence was seen in both the cytosol and nuclei (Fig. 4A) . Compared to untreated wildtype N2 worms, more nuclear localization of DAF-16 was observed in NAC-treated worms (Fig. 4B) . In 7-day-old NAC-treated worms, 27.8 ± 2.94% (mean ± SEM) exhibited nuclear localization of DAF-16, whereas only 8.9 ± 5.89% showed DAF-16 nuclear translocation in the untreated controls (p = 0.045). In 9-day-old worms, the proportion of worms showing only cytosolic localization of 
NAC ameliorates Ab-induced toxicity in an AD model
The probability of occurrance of many degenerative diseases increases exponentially with age. To investigate the effects of NAC on an age-related neurodegenerative disease, AD, we employed a C. elegans AD model. Worms pretreated with NAC showed significantly delayed Ab-induced paralysis (Fig. 5) . In the wild-type control group, 50% of worms were paralyzed 11.9 h after Ab induction. However, 50% of NAC-treated worms were paralyzed after 14.8 h (24% increase, p \ 0.001). Independent replicate experiments also showed a significant prevention of Abinduced toxicity by NAC treatment (data not shown). A previous study showed that DAF-16 is required for the inhibition of Ab toxicity in this AD model [31] . Our results suggest that NAC has potential as a novel therapeutic treatment for AD. Previous studies show that some lifespan-extending compounds also have therapeutic effects on age-related diseases. The antioxidant chicoric acid reduces ROS accumulation and increases the lifespan of C. elegans [32] . Chicoric acid is reported to have strong anti-diabetic effects [32] . Another study found that a drug used to treat type 2 diabetes, metformin, extends the lifespan of C. elegans and mice [12, 13] . Treatment with metformin delays age-related reduction in mobility and accumulation of lipofuscin, a biomarker of aging [12] . Interestingly, the longevity phenotype conferred by metformin is independent of age-1 and requires AMPK and SKN-1, suggesting that metformin extends lifespan in a manner similar to DR and is not related to reduced insulin/IGF-1-like signaling [12] . Here, we found that NAC significantly decreases Abinduced toxicity in an AD model and mimics DR-induced lifespan extension. These data suggest that NAC is a promising candidate for a DR mimetic that extends lifespan and reduces Ab-induced toxicity, which causes age-related AD. Further studies regarding the effect of NAC on aging in mammals and the identification of genetic pathways and target molecules involved in NAC-induced longevity should be conducted in the near future.
